Objective: Stem-like cancer cells contribute to cancer initiation and maintenance. Stem cells can self-renew by asymmetric cell division (ACD). ACD with non-random chromosomal cosegregation (ACD-NRCC) is one possible self-renewal mechanism. There is a paucity of evidence supporting ACD-NRCC in human cancer. Our aim was to investigate ACD-NRCC and its potential interactions with the cancer niche (microenvironment) in gastrointestinal cancers. Design: We used DNA double and single labeling approaches with FACS to isolate live cells undergoing ACD-NRCC. Results: Gastrointestinal cancers contain rare subpopulations of cells capable of ACD-NRCC. ACD-NRCC was detected preferentially in subpopulations of cells previously suggested to be stem-like/tumor-initiating cancer cells. ACD-NRCC was independent of cell-to-cell contact, and was regulated by the cancer niche in a heat-sensitive paracrine fashion. Wnt pathway genes and proteins are differentially expressed in cells undergoing ACD-NRCC vs. symmetric cell division. Blocking the Wnt pathway with IWP2 (WNT antagonist) or siRNA-TCF4 resulted in suppression of ACD-NRCC. However, using a Wnt-agonist did not increase the relative proportion of cells undergoing ACD-NRCC. Conclusion: Gastrointestinal cancers contain subpopulations of cells capable of ACD-NRCC. Here we show for the first time that ACD-NRCC can be regulated by the Wnt pathway, and by the cancer niche in a paracrine fashion. However, whether ACD-NRCC is exclusively associated with stem-like cancer cells remains to be determined. Further study of these findings might generate novel insights into stem cell and cancer biology. Targeting the mechanism of ACD-NRCC might engender novel approaches for cancer therapy.
INTRODUCTION
Stem cells can self-renew by symmetric cell division (SCD) or asymmetric cell division (ACD) where each daughter cell might assume different fates. Asymmetric cell division with non-random chromosomal cosegregation (ACD-NRCC) is a putative mechanism of cell self-renewal. However, ACD-NRCC is not necessarily indicative of self-renewal or asymmetric fate of daughter cells.
ACD-NRCC is defined as that each chromosome in a stem cell contains one template DNA strand that is conserved during ACD (figure 1A) [1] . By maintaining the template DNA strands within one daughter cell, stem cells can avoid accumulation of mutations stemming from DNA replication errors. Although, this principle has been demonstrated in various cells [2] some investigators were unable to confirm the existence of ACD-NRCC [3] [4] [5] [6] [7] [8] . These inconsistent findings within the same cell types have provoked controversy, and have suggested a contributory role of the cancer niche/microenvironment [1] [2] [3] [4] [5] [7] [8] [9] [10] [11] [12] . It's known that niche plays an important role in regulating stem cell ACD via Wnt signaling [13] , however a role of niche via Wnt signaling has not been reported in regulating ACD-NRCC. Recently, we have demonstrated ACD-NRCC in real time, in live cells using real time confocal cinematography [14] .
Gastrointestinal cancers may develop in tissues harboring cells that undergo ACD-NRCC [1, 15, 16] . Previously, detection of ACD-NRCC relied exclusively on fixed cells, which hindered correlative gene expression and functional studies [2, 9] . Instead, we chose to isolate live cells undergoing ACD-NRCC and study this unique cell division process in gastrointestinal cancer cells, and investigate their potential interactions with the cancer niche.
Elucidating the mechanisms of ACD-NRCC (and potential self-renewal) in cancer cells may provide novel insights into cancer maintenance and establish the basis for novel therapeutic approaches, which may target ACD-NRCC.
MATERIALS AND METHODS

Cells
Cells and culture conditions used in this study are detailed in Additional file 1: table S1.
Fig 1. Asymmetric cell division via non-random chromosomal cosegregation (ACD-NRCC).
(A) ACD-NRCC is proposed as one potential mechanism by which stem cells self-renew. It is hypothesized that stem cells contain template DNA strands that are conserved during asymmetric cell divisions (orange). By segregating the "template DNA strands" into daughter cells destined to become stem cells, stem cells could avoid propagation of DNA replication errors. This is a potential mechanism by which mutations are preferentially segregated into daughter cells destined to differentiate and are eventually eliminated. (B) Double labeling procedure for the detection of ACD-NRCC (Additional file 1: figure S1 and Materials and Methods; IdU (Green): Iodo-deoxyuridine; CldU (Red): Chloro-deoxyuridine). DNA double-labeling technique was used to  detect ACD-NRCC (figure 1B, Materials and Methods,  Additional file 1: table S1, S2 and S3) [9, 17, 18] . DNA double labeling was performed with minor modifications, as previously described by Rando et al. (figure 1B, Additional file 1: figure S1A, and Supplementary methods) [9] . To observe cells arrested during mitosis, cells were plated singly with and without 2μM Cytochalasin D (Sigma, Additional file 1: figure S1B and table S3). Double labeling was done with and without Wnt antagonist (10 μM of IWP2, Stemgent). siR-NA-TCF4 (ON-TARGETplus, Dharmacon) or control siRNA (Dharmacon) were transfected using Lipofectamine-2000 according to manufacturer instruction (Invitrogen, Supplementary methods).
DNA double-labeling-procedure
Immunofluorescence staining
Immunofluorescence staining was performed as previously described by Rando TA et al. with minor modifications (Supplementary methods) [9] .
Fluorescence confocal microscopy
In order to accurately detect cells arrested in cytokinesis, we scored only isolated couplets, 100-130 couplets per condition, in triplicates (n=3 to 15). Confocal images and Z-stacks were generated with Bitplane's (Zurich, Switzerland) and Imaris software (v6.0). To clearly define the positions of the nuclei, 3D rendering images were obtained (figure 2, Additional file 1: figure S2 , Supplementary methods). TCF4 staining-intensity was measured using LSM ImageBrowser 4.0 (Zeiss).
Isolation of live cells undergoing ACD-NRCC and live label retaining cancer cells (LRCC)
Live cells undergoing ACD-NRCC and live LRCC were isolated as previously described in Hari et al., and Xin et al. (Additional file 1: figure S3A ) [14, 19] .
Cell viability and toxicity assays
Cell viability was measured using kit-8 (Dojindo, Japan) and cell toxicity using the ApoTox-Glo assay kit (Promega, Madison, WI) according to the manufacturer protocol (Supplementary Methods).
Isolation and analysis of the side population
Side population (SP) cells were isolated as previously described (Supplementary methods, figure  3A -B) [20] . SP cancer cells are thought to represent putative tumor-initiating/cancer-stem-cells ( figure   3A -B, Additional file 1: table S8) [21] . SP and non-SP cells of liver cancer cells were plated initially at very low concentration and allowed to proliferate.
CD133+ cell isolation
CD133+ and CD133-cells were isolated and enriched over a second column by magnetic-activated cell sorting (MACS), using the indirect CD133 MicroBead kit (Miltenyi Biotec Inc., Auburn, CA, USA) according to manufacturer's protocol (Supplementary methods).
Conditioned media
Conditioned media were collected aseptically, filtered through 0.22 µm filter units, and mixed with normal growth media at a ratio of 1:3 ( figure 4A , supplementary methods). Denatured conditioned media from CD133-/CD133+ dual chambers was boiled for 5 minutes, and 5% FBS was added to a total protein concentration equal to normal growth media. Specific gravity, pH and protein concentration were determined with Specific Gravity Bottle (Crystalgen, Inc., USA), pH Meter (HANANA instruments, USA), and Spectrophotometer (Thermo Fisher Scientific, USA).
Gene expression analysis
Total RNA was isolated using miRNeasy Mini kit and RNase-Free DNase Set (QIAGEN) following the manufacturer's protocol. All reagents for genomic DNA elimination, reverse-transcription, pre-amplification, and real-time qRT-PCR experiments for Human Stem Cell Pathway, Wnt and Pluripotency Pathway Arrays were done following the manufacturer's protocol (SABiosciences, Frederick, MD). Primers for individual genes: TCF4, TCF7, SOX17 and CSNK2A1 were purchased from Qiagen. We used the Ingenuity Pathway software for pathway analysis (IPA 9.0, supplementary methods).
Statistics
For full discussion see supplementary statistics. In brief, for detecting any ACD-NRCC, we used the exact binomial test with a null hypothesis of 0.00001. (B) To test for significance of the relative proportions of cells undergoing ACD-NRCC between tested groups, we used the Poisson method ( figure 3C ). (C) For the observed effect of the niche on ACD via non-random chromosomal cosegregation (figure 4A), we used the Fisher's exact test. Statistical significance was defined as p value <0.05. Here we show that ACD-NRCC is detected in CD133+ cells of Huh-7 liver cancer cells; no ACD-NRCC was detected in CD133-negative cells under any-condition. Additionally, we show that in order for CD133+ cells to undergo ACD-NRCC they must be cultured together with CD133-negative cells. The effect of CD133-negative cells on CD133+ cells is paracrine in nature. Thus, the effect of CD133-negative cells on CD133+ cells undergoing ACD-NRCC is not dependent on cell-to-cell contact. CD133-negative or CD133+ cells growing separately alone do not undergo ACD-NRCC. All experiments were repeated three times in a prospective blinded fashion. (B) Here we show that the permissive effect of CD133-negative cells on CD133+ cells undergoing ACD-NRCC is heat sensitive, and can be abolished by heat denaturation. While ACD-NRCC was never detected in CD133-negative cells or NSP cells (figure 3), the maximal detection rate in total cells, in CD133+ cells or in SP cells seem to be constant suggesting that per a given condition the rate of ACD-NRCC is constant (steady state rate).
RESULTS
Subpopulations of gastrointestinal cancer cells undergo ACD-NRCC.
Symmetrically dividing cells incorporated both nucleotides (IdU and CldU) into the nuclei of both daughter cells. Cells undergoing potential ACD-NRCC incorporated both nucleotides into only one of the daughter cells' nuclei while the other nucleus incorporated only one nucleotide (figure 2A-B, Additional file 2: movie S1 and Additional file 1: figure S2). Reverse labeling resulted in a similar pattern (figure 2B-v, Additional file 1: figure S2B and table S4). We validated these results in 7 different cell lines and fresh surgical specimens using this DNA double labeling method; ACD-NRCC was observed in 1.5% to 6.3% (n=21) of cells tested (Additional file 1: table S5). To identify asymmetrically dividing cells, we used confocal microscopy, and confirmatory Z-stacking with three-dimensionalrendering of cells arrested in cytokinesis-mitosis (figure 1B, 2, and Additional file 1: figure S2 ). We further validated ACD-NRCC by isolating live cells undergoing ACD-NRCC using flow-cytometry (1.6% ± 0.3%, n=17; Additional file 1: figure S3B-C, Materials and Methods). Cell viability and toxicity were tested with and without labeled-nucleotides. No statistically significant differences were evident between cells undergoing ACD-NRCC vs. SCD (Additional file 1: figure S3D-E).
ACD-NRCC is a statistically significant phenomenon, occurring in 1 to 6% of 14 cancer cell lines (p<0.0001, n=63, supplementary-statistics), and in non-malignant liver cells (THLE-2 and THLE-3: 1.3% ± 0.3%, and 2.6 ± 0.6%, respectively) as demonstrated in three different methods (Additional file 1: table S5-to-S7). In addition to the methods above, these results were validated using two additional FACS-based-methods: 
Side-Population (SP) cancer cells undergo ACD-NRCC.
At one week, SP cells generated non-SP cells while non-SP cells generated only more non-SP cells ( figure 3C, supplementary statistics) [20] . At one, two and five weeks SP cells exhibited 0%, 1%, and 3.2% ACD-NRCC, respectively (p<0.0034, n=3). Non-SP cells did not undergo ACD-NRCC, during the same time periods (P=0.024). To validate these findings, we isolated SP and non-SP cells from four different gastrointestinal cancers and melanoma. SP and non-SP cells were cultured for three weeks and tested for ACD-NRCC. In a blinded experiment, we detected ACD-NRCC only in SP cells (1.8% ± 0.33, p=0.004, n=12). OV6 is a marker associated with liver progenitors; it was found to segregate with the template DNA strand in SP cells undergoing ACD-NRCC; it was not detected in non-SP cells (Additional file 1: figure S4 ) [22] .
The cancer niche interacts with CD133+ cells undergoing ACD in a paracrine fashion.
CD133+ cells are thought to represent another class of putative tumor-initiating/cancer-stem-cells [23] . We detected ACD-NRCC in whole liver cancer cell-lines (1.0% ± 0.05, n=3). The absence of ACD-NRCC in either CD133+ or CD133-negative cells alone, prompted us to test for potential interactions between CD133+ and CD133-negative cells, using a dual chamber culturing system with semi-permeable membrane. We detected ACD-NRCC when CD133+ cells were in direct contact with CD133-negative cells (1.3% ± 1.0, n=3). Using the dual-chamber culture system, ACD-NRCC was detected in CD133+ cells (2.0% ± 1.0, n=6) that were exposed indirectly to CD133-negtive cells ( figure 4A ). Conversely, no ACD-NRCC was detected in CD133-negative cells indirectly exposed to CD133+ cells (Supplementary Materials and Methods). These results support our previous data investigating SP and non-SP cells, suggesting that ACD-NRCC is preferentially detected in SP and CD133+ cells.
Consequently we hypothesized that the cancer niche, i.e. the non-stem-cancer-cell population (CD133-negative cells), interacts indirectly with CD133+ cells undergoing ACD-NRCC. Therefore, we tested the effect of various conditioned media on ACD-NRCC (figure 4A). These experiments were conducted with the scientist testing for ACD-NRCC blinded to the conditions being tested (n=6). The physical properties of the conditioned media and the fresh media (pH, protein concentration and specific gravity) were not significantly different (P>0.05). Conditioned media from dual-chambers (containing CD133+ and CD133-negative cells), and from CD133-negative cells alone induced CD133+ cells to undergo ACD-NRCC (2.6% ± 0.8, and 3.1% ± 0.3, respectively). ACD-NRCC was not detected in CD133+ cells cultured in conditioned media from CD133+ cells (p=0.0001) or in CD133+ cells cultured alone (p=0.014), in contrast to conditioned media from dual-chambers. CD133-negative cells (cancer niche cells) did not undergo ACD-NRCC (p=0.014).
These results were further validated in blinded experiments aimed at determining whether heat-denaturation of the conditioned media would abrogate ACD-NRCC (figure 4B). ACD-NRCC was neither detected in CD133+ cells grown in heat-denatured conditioned media from dual chambers (p=0.023), nor in CD133+ cells alone (negative control). ACD-NRCC was detected in CD133+ cells cultured in media from dual chambers without heat-denaturation (p=0.028, positive control).
Taken together our data suggest that ACD-NRCC is preferentially detected in SP and CD133+ cells, and that the cancer niche/microenvironment can interact with cells undergoing ACD-NRCC in a heat-sensitive paracrine fashion.
The WNT pathway's transcription factor TCF is asymmetrically localized in cells undergoing ACD.
The Wnt pathway plays an important role in stem cells biology, self-renewal, and stem cells pluripotency [24, 25] . Using similar method for the detection of ACD-NRCC (Materials and Methods), we tested 6 key Wnt proteins from each of the 3 cellular compartments (cell membrane, cytoplasm and nucleus) in liver cancer cells undergoing mitosis. Only TCF4 was distributed asymmetrically (3.1% ± 1.5; 19/619 mitoses, n=3), while Frizzled7, LRP5, Axin2, APC and β-catenin were distributed symmetrically in all cells tested (figure 5A-B, Materials and Methods). To further validate these results, we tested TCF4 gene expression in isolated cells undergoing ACD-NRCC, and cells undergoing SCD (Additional file 1: figure  S3 ). Using real-time qRT-PCR, TCF4 was up regulated in cells undergoing ACD-NRCC when compared to cells undergoing SCD in all cell lines tested (3.8 ± 0.4 fold, p< 0.00003, figure 5C ).
To further test potential interactions between the Wnt pathway and ACD-NRCC, we performed comprehensive Wnt gene expression analysis on liver cancer cells undergoing SCD vs. ACD-NRCC (Materials and Methods). Of 84 tested Wnt genes, only 5 were differentially expressed in cells undergoing ACD-NRCC: CSNK2A1, which activates the Wnt pathway (61.7 ± 9.1 fold, p=0.024), TCF4 (3.8 ± 0.4 fold, p< 0.00003), TCF7 (13.1 ± 6.5 fold, p=0.038), Sox17 (7.4 ± 1.3 fold, p=0.0082), and RB1 (-3.86 ± 0.28 fold, p<0.011; figure 5D ). These data were validated using qRT-PCR for individual genes (Additional file 1: figure S5) . Using the ingenuity pathway analysis tool, and stem cells gene expression analysis (Additional file 1: figure S6 ), we propose a pathway map for cells undergoing ACD-NRCC (Additional file 1: figure S7 ). 
Inhibition of Wnt suppresses ACD-NRCC and the asymmetric expression of Wnt genes
We found that several Wnt pathway genes are differentially expressed in cells undergoing ACD-NRCC vs. SCD. Therefore, we tested the effects of Wnt activation and inhibition on ACD-NRCC (Materials and Methods). The rate of ACD-NRCC was unaffected by Wnt activation with Wnt3 (Wnt agonist). We used the Wnt3 agonist because we found that Wnt3-receptor is expressed equally on cells undergoing ACD-NRCC or SCD. Because we did not detect changes in the rate of ACD-NRCC after activation of the Wnt pathway via Wnt3 receptor, we next tested the effects of Wnt inhibition on ACD-NRCC. The effects of IWP2 (Wnt-antagonist) and siR-NA-TCF4 on ACD-NRCC were then tested. Without affecting cell proliferation (figure 6A) a 5-to-12 fold reduction in the rate of ACD-NRCC was evident in live cells after treatment with IWP2 (5.1% ± 0.3% vs. 1.1% ± 0.1%, p=0.0087 for PLC/PRF/5; and, 2.5% ± 0.5% vs. 0.2% ± 0.1%, p=0.0069 for HuH-7; figure 6B ).
The ability to detect ACD-NRCC and asymmetric distribution of TCF4 protein in fixed cells was abolished by siRNA-TCF4 (2.1% ± 0.1% vs. 0, p=0.0033; figure 6C-D) . IWP2 reversed or reduced the expression pattern of TCF4 (-17.2 ± 6.1 fold, p=0.0096), TCF7 (-14.5 ± 4.0 fold, p=0.014), Sox17 (0.4% ± 0.9 fold, p=0.85) and CSNK2A1 (0.7 ± 1.1% fold, p=0.59; figure 5, 6E and S5). IWP2 and siRNA-TCF4 reduced the expression of TCF4 protein by 63% (15.6 ± 2.0 vs. 5.7 ± 0.9, p=0.011) and 61% (15.6 ± 2.0 vs. 6.1 ± 0.2, p=0.0093; figure 6F, Additional file 1: figure S8 ). These results implicate the Wnt pathway in ACD-NRCC. 
DISCUSSION
Albeit controversial, recent evidence suggests the existence of stem-like tumor initiating cancer cells. ACD-NRCC is one potential way by which stem cells self-renew. Here we show that ACD-NRCC was detected preferentially in SP and CD133+ cells. ACD-NRCC occurred independent of cell-to-cell contact; instead, the microenvironment seemingly induced CD133+ cells to undergo ACD-NRCC in a heat-sensitive paracrine fashion. Mechanistically, we show that cells undergoing ACD-NRCC segregate asymmetrically the Wnt transcription factor TCF, and other Wnt genes. ACD-NRCC was unaffected by agonist-dependent Wnt pathway activation; however, inhibition of Wnt and knock down of TCF resulted in a significant suppression of ACD-NRCC.
Pine et al reported detection of ACD-NRCC in fixed lung cancer cells [11] . Here we show ACD-NRCC in several fixed and extend the findings to live gastrointestinal cancer cells. We validated these observations using two methods: DNA double and single labeling (label retention) [9, 17, 18] . The rate of ACD-NRCC detection was comparable between the two methods. Once thought to be a rare phenomenon, it is possible that ACD-NRCC occurs more commonly, and amongst cancers of diverse origins.
Observing this phenomenon in various GI cancers, we hypothesized that defects in ACD-NRCC could be an etiological factor in malignancy. Such a mechanism, potentially involving linking template DNA strands from multiple chromosomes to "one-side" of the mitotic plane, would be prone to "breaks" leading to aneuploidy and eventually cancer. Defects in asymmetric cell division in the drosophila results in cancer [26] . Defects in ACD-NRCC provide another explanation for how tissue stem cells initiate cancer.
A potential source of bias in our study is the use of labeled DNA nucleotides. It is conceivable that labeled-nucleotides could affect proliferation, cell cycle, cell survival, DNA replication, and cell division. However, reported data is scant, and contradictory. To test this potential source of bias, we tested cell viability/proliferation/toxicity in labeled and non-labeled cells, and found no difference in viability, proliferation and/or toxicity (Additional file 1: figure  S3D -E). Based on these data, our findings do not appear to be due to artifact (Supplementary Discussion).
We showed that ACD-NRCC is detected both in cancer cells previously described as tumor-initiating cells or putative stem-like cancer cells (Side Population and CD133+ cells), and associated with OV6 expression (A marker associated with liver progenitors).
Others showed that cells undergoing ACD-NRCC express stem cells markers [9, 11] , and that ACD-NRCC is not associated with differentiation markers [11] . Additionally, asymmetric cell division was detected in intestinal stem cells [27, 28] , and after tissue injury [26] . However, based on our data we cannot associate ACD-NRCC specifically or directly with cancer-stem cells or even a different cell fate [10] .
Based on this work, we can't attribute ACD-NRCC exclusively to cancer stem cells. However, recently we published a paper titled 'Tumor-initiating label retaining cancer cells in human gastrointestinal cancers undergo asymmetric cell division' [14] ; in that work, we describe how some cancer cells undergoing ACD-NRCC exhibit exquisite tumor initiating capacity and multipotency gene expression profile. Moreover, there are significant differences between cells undergoing ACD-NRCC and cells undergoing SCD in terms of stem-cells and pluripotency gene expression profiles. The former exhibit stem cells and pluripotency gene expression profile with certain genes like Sox2 being expressed several hundred fold higher. In addition, we reported that the label retaining liver cancer cells are relatively resistant to the targeted cancer drug sorafenib [29] . In general, we hold the opinion that a stem-like-cancer cell is a more appropriate term. Since we can't associate directly cancer stem cells or stem-like-cancer cells with ACD-NRCC based purely on the current paper and our previous work was just recently published and was not yet validated by an independent group, we prefer to use the term "putative stem-like-cells" in the body of the text.
We found that the cancer niche can induce CD133+ cells to undergo ACD-NRCC in a paracrine fashion that does not require cell-to-cell contact. This effect could be abolished by heat denaturation of the conditioned media, suggesting a potential soluble factor. In contrast, Pine et al. found that lung CD133+ cells undergo ACD-NRCC when in direct contact with CD133-cells. One potential explanation could be that we used DNA-double-labeling and Pine et al. used single labeling (label retention). Another potential explanation could be that various cancers (lung vs. GI cancers) respond differently to environmental signals. These observations and the potential effects of the cancer niche (microenvironment) on ACD-NRCC carry important implications to cancer and stem cells biology.
The molecular mechanism of ACD-NRCC is poorly understood. This is the first study to investigate gene expression in live cells undergoing ACD-NRCC. Cells undergoing ACD-NRCC differentially distribute TCF4 (Wnt transcription factor), up-regulate Wnt (TCF4, TCF7, CSNK2A1, and CCND2, and Sox17) and pluripotency/stem-cell (Sox2, GDF3, UTF1 and NEUROG2) genes, suggesting a stem-cell-like gene expression profile [23] . Using Ingenuity Pathway Analysis, we propose a Wnt-pluripotency pathway map for ACD-NRCC (Additional file 1: figure S7) . Most of the up-regulated genes in cells undergoing ACD-NRCC found in this study were previously reported to be oncogenes, while down-regulated genes are tumor suppressor genes [26] . Furthermore, from a mechanistic point of view, we describe the potential role that the Wnt pathway plays in ACD-NRCC. Although a Wnt agonist didn't stimulate ACD-NRCC, exposure to Wnt antagonist IWP2 and siRNA-TCF4 resulted in significant suppression of ACD-NRCC, and asymmetric distribution of TCF4. Here we show that Wnt is involved in ACD-NRCC but its precise role in the complex interactions within cells undergoing ACD-NRCC, demand further elucidation by independent groups.
Taken together, we show that subpopulations of gastrointestinal cancer cells can undergo ACD-NRCC. ACD-NRCC was detected preferentially in SP and CD133-positive cells, and was independent of cell-to-cell contact. The cancer niche, interact in a paracrine fashion, with cells undergoing ACD-NRCC, which is suppressed by Wnt antagonist and siR-NA-TCF. Targeting the mechanism of ACD-NRCC might result in novel approaches for cancer therapy.
